Introduction
============

Schizophrenia is a psychiatric disease associated with delusions, hallucinations, thought disorders and cognitive deficits.^[@bib1]^ Schizophrenia affects approximately 0.5 to 1.0% of the population worldwide and is disastrous for affected individuals and their families. Schizophrenia is also a serious burden on the social healthcare system.^[@bib1],\ [@bib2]^ Unfortunately, our current understanding of schizophrenia remains limited.

Accumulating evidence indicates that schizophrenia is linked to abnormal lipid metabolism and related pathways in both the central and peripheral nervous systems. Prabakaran demonstrated that the lipid biosynthetic pathway was down-regulated in the brains of schizophrenia patients, whereas several fatty acid beta-oxidation enzymes were significantly increased.^[@bib3]^ Free fatty acids (FFAs) and phosphatidylcholines were significantly changed in the prefrontal cortex (both gray matter and white matter) of schizophrenia patients.^[@bib4]^ In 2013, another study showed a number of statistically significant changes in prefrontal cortex lipid concentrations, including changes in total lipids, phospholipids, triglycerides and cholesteryl esters, in schizophrenia patients compared with these concentrations in controls.^[@bib5]^ This metabolic dysfunction is also reflected in the peripheral blood. Higher levels of serum triglycerides and lower levels of serum HDL have been detected in schizophrenia patients,^[@bib6]^ and associations between serum triglycerides and positive psychotic symptoms and between polyunsaturated membrane fatty acids (PUFAs) in RBCs and negative symptoms have been demonstrated.^[@bib7]^ We previously noted that fatty acids and ketone bodies were elevated in the serum or urine of schizophrenia patients, suggesting upregulated fatty acid catabolism.^[@bib8]^

Compared with brain tissue, peripheral blood samples are more accessible and can be controlled to collect a medication-free group of samples that better reflects the disease state without the interference of antipsychotic drugs. Fasting plasma FFAs have been reported to be closely related to adipose tissue fatty acids,^[@bib9]^ which might reflect the energy supply. A comprehensive scan of FFAs might facilitate the elucidation of the characteristic lipid metabonomics abnormality of schizophrenia and may contribute to a better understanding of this disease.

In many previous studies, the reported fatty acid profile was incomplete or lacked absolute quantification data. To better investigate the lipid metabolism dysfunction in schizophrenia patients, we enrolled 110 schizophrenia patients and 109 normal healthy subjects as controls, utilizing a UPLC-QTOF-MS platform to achieve targeted FFA quantitative analysis.

Materials and methods
=====================

Subjects
--------

Our sample set was consistent with our previous research.^[@bib8]^ We recruited 110 patients from the Anhui Province, China, diagnosed as schizophrenic (SCZ) according to the criteria of the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition. Of the 110 patients, 63 were experiencing first-onset psychosis, and 47 were hospitalized for relapse after at least 1 month without any antipsychotic drugs. A total of 109 healthy controls (HC) were recruited in the same district and were matched for age, body mass index (BMI) and gender. In both the patient and control groups, we excluded participants with metabolic disorders (such as type I or type II diabetes) and/or with heavy consumption of alcohol. The enrolled subjects were separated into a discovery set (60 SCZ & 61 HC) and a validation set (50 SCZ & 48 HC; [Supplementary Table 1](#sup1){ref-type="supplementary-material"}).

Written informed consent was obtained from all participants. All samples were collected following the guidelines of the local ethics committee. The overall sampling was finished within 1 year.

Serum sample collection
-----------------------

Venous blood was collected in polypropylene tubes in the early morning after overnight fasting. The fresh blood samples were stored at room temperature and clotted naturally after approximately 2 h. Serum was then obtained after centrifugation at 10 000 r.p.m. for 10 min and immediately stored at −80 °C.

Reagents and instrumentation
----------------------------

Reference standards of FFAs (purity\>90%) and deuterated internal standards (IS) were acquired from Sigma-Aldrich and NU-CHEK. HPLC-grade methanol, *n*-hexane, acetonitrile, and water were obtained from Merck.

A Waters ACQUITY ultraperformance LC system equipped with a binary solvent delivery manager and a sample manager (Waters, Milford, MA, USA) was used throughout the study. The mass spectrometer was a Waters XEVO TQ-S instrument with an ESI source (Waters, Milford, MA, USA). The entire LC−MS system was controlled by MassLynx 4.1 software. All chromatographic separations were performed with an ACQUITY BEH C18 column (1.7 μm, 100 mm × 2.1 mm internal dimensions; Waters, Milford, MA, USA).

Serum specimen preparation
--------------------------

A 30-μl aliquot of serum sample was extracted for UPLC-QTOF-MS analysis. Each sample was spiked with the internal standard (10 μl of C19:0-d37) and added to 500 μl of a mixture of isopropanol/*n*-hexane/2 M phosphoric acid (40:10:1, v/v/v). The resulting samples were vortexed for 2 min and incubated at room temperature for 20 min. After the incubation, 400 μl of *n*-hexane and 300 μl of water were added, and the mixtures were vortexed for 2 min and centrifuged at 12 000 r.p.m., 4 °C for 5 min. An aliquot of 400 μl of supernatant was collected and transferred into a clean tube. The remaining mixture was further extracted with additional 400 μl of *n*-hexane by vortexing and centrifuging at 12 000 r.p.m., 4 °C for 5 min, after which the second 400 μl of supernatant was collected. The two supernatants were pooled together and vacuum-dried at room temperature. The residue was re-dissolved in 80 μl of methanol.^[@bib10],\ [@bib11]^ After centrifugation, the supernatant was used for UPLC−QTOF-MS analysis (Waters, Manchester, UK).

UPLC-QTOF-MS spectral acquisition
---------------------------------

A 5- μl aliquot of the sample was injected into an ACQUITY BEH C18 column with the column temperature set at 40 °C. The elution solvents were water (A) and acetonitrile/isopropyl (v/v=80/20, B) with a flow rate of 400 μl/min. The elution gradient was as follows: 0−2 min (70% B), 2−5 min (75% B), 5−10 min (80% B), 13−16 min (90% B), and 16−24 min (99% B). Samples from healthy controls and schizophrenic individuals were alternately injected. In addition to the internal standard, a blank vial and a mixture of all the samples were prepared and run after every 10 serum samples for quality control.

The mass spectrometer was operated in negative ion mode with the following optimal conditions: capillary voltage 2.5 kV, cone voltage 55 V, and extractor voltage 4 V. The desolvation and cone gas flow rates were 650 and 50 l h^−1^, respectively. The source temperature was 120 °C, and the temperature for the desolvation gas was set at 450 °C. MassLynx software (Waters, Manchester, UK) was used to collect the data with a mass range of 50 to 1000 Da. The scan time was set to 0.35 s, and the interscan delay was set to 0.02 s. Leucine (encephalin) was used as the lock mass (*m/z*=554.2615).

Data processing
---------------

The UPLC-QTOF-MS raw data were analyzed by the MarkerLynx applications (manager version 4.1). A list of the ion intensities of each detected peak was generated using the RT and *m/z* data pairs as the identifier for each ion. The resulting three-dimensional matrix contained arbitrarily assigned peak indices (retention time--*m/z* pairs), sample names (observations), and ion intensity information (variables). The missing values were imputed with 50. The internal standard and QC were used for data quality control (reproducibility), and the QC was used for data normalization. The ion peaks generated by the internal standard were removed.

To obtain more information, we conducted the statistical analysis based on the relative quantitative data and also presented the absolute quantitative values for reference.

Statistical analysis
--------------------

All data analyses were performed using SIMCA-P 11.5 (Umetrics, Umea, Sweden) and R 3.2.1 software (Stanford University, Stanford, CA, USA). The well-matched discovery set and the validation set both followed the procedure for basic analysis. The Shapiro-Wilk normality test was performed first to evaluate the normality of our data. Then, the Mann−Whitney *U*-test was chosen to investigate differences between the SCZ and HC in FFA measurements. The resultant *P*-values for all FFAs were subsequently adjusted to account for multiple testing by the Benjamin--Hochberg method. We regarded *P*-values of \<0.05 as significant. For multivariable analysis, PLS-DA was conducted, and we obtained the VIP (variable importance for the projection) values.

According to the fatty acid metabolism pathways, we analyzed 18 pairs of interconverted FFAs. A Mann−Whitney *U*-test was used to evaluate the differences in the product/substrate ratios between SCZ and HC. *P*-values were also adjusted by the Benjamin--Hochberg method. Geometric averages were used in the progress.

Pearson correlation analysis was performed to evaluate the interactions between the FFAs and age, gender and BMI, as well as the correlations between mutual transformed FFAs.

Results
=======

Demographic characteristics
---------------------------

The study included 110 patients with schizophrenia and 109 healthy controls, consistent with our previous work.^[@bib8]^ We selected 60 patients and 61 healthy controls matched by age, gender and BMI before statistical analysis as the discovery set, and the remaining subjects composed the validation set ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}).

Univariate analysis of 47 free fatty acids
------------------------------------------

Forty-seven FFAs were detected by UPLC-QTOF-MS, as shown in [Table 1](#tbl1){ref-type="table"}, and were classified into 8 types: saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), ω-6 polyunsaturated fatty acids (ω-6 PUFAs), ω-3 polyunsaturated fatty acids (ω-3 PUFAs), trans-fatty acids (TFAs), branched-chain fatty acids (BCFAs), odd-carbon fatty acids (OCFAs) and others. The first four types participate in the metabolism of fatty acids in the human body. We refer to these FFAs as the FFAs of most concern, and a total of 26 FFAs belonging to the first four types were detected.

All detected FFAs deviated from normality according to the Shapiro-Wilk test, and we therefore applied the Mann-Whitney *U*-test to compare the 47 FFAs between SCZ and HC. Sixteen FFAs differed significantly (adjusted *P*-values \<0.05; [Table 1](#tbl1){ref-type="table"}) between SCZ and HC in the discovery set. Fifteen FFAs were significantly increased in SCZ, with changes ranging from 1.34- to 3.7-fold, and only one (C24:0) was decreased, with a change of 1.22-fold. All differential FFAs were verified in the validation set ([Supplementary table 2](#sup1){ref-type="supplementary-material"}).

As noted previously, the 26 FFAs of most concern included the following four groups according to saturation: 8 SFAs, 7 MUFAs, 7 ω-6 PUFAs and 4 ω-3 PUFAs. Among the 8 SFAs, one was significantly increased (C16:0, FC=1.49), and one was significantly decreased (C24:0, FC=-1.22). All 7 MUFAs were elevated in SCZ (FC\>1.2), 6 significantly. C22:1(*cis*.13), C20:1(*cis*.11), C16:1(*cis*.9) and C14:1(*cis*.9) had the top four fold changes (FCs) of 3.7, 3.18, 2.67 and 2.25, respectively. The geometric mean of the FCs of the 7 MUFAs of most concern was 2.234 ([Figure 1a](#fig1){ref-type="fig"}). Five of the 7 ω-6 PUFAs were significantly increased in SCZ compared with their levels in HC, with a geometric mean of the FCs of 1.46. By contrast, only one of the four ω-3 PUFAs (C22:5) showed a significant increase, with a geometric mean of the FC of 1.16.

With respect to carbon (C) chain-length, the 26 FFAs of most concern were classified into the following three groups: medium-chain fatty acids (MCFAs), long-chain fatty acids (LCFAs) and very long-chain FAs (VLCFAs). The only MCFA of most concern, octanoic acid, did not differ between SCZ and HC. Fifteen LCFAs of most concern were detected, and 8 were significantly increased in SCZ, with FCs ranging from 1.34 to 3.18. C20:1(*cis*.11), C16:1(*cis*.9), and C14:1(*cis*.9) had FC values of 3.18, 2.67 and 2.25, respectively. The geometric mean of the FCs of the 15 LCFAs of most concern was 1.475 ([Figure 1b](#fig1){ref-type="fig"}). Of the 10 VLCFAs of most concern detected in our study, 5 were significantly increased in SCZ, with FCs ranging from 1.47 to 3.7. C22:1(*cis*.13) and C22:2(*cis*.13, 16) had FC values of 3.7 and 2.11, respectively. C24:0 was the only one that decreased significantly in SCZ ([Table 1](#tbl1){ref-type="table"}). The geometric mean of the FCs of the 10 VLCFAs of most concern was 1.395 ([Figure 1b](#fig1){ref-type="fig"}).

In addition to the 26 FFAs of most concern, twelve odd-carbon FAs were detected in the study. C17:1(*cis*.10) and C19:1(*cis*.10) were increased significantly in SCZ. The elevation of the contents of these FAs was verified in the validation set ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}).

Multivariate analysis of 47 free fatty acids
--------------------------------------------

The PLS-DA score plot showed a good separation between SCZ and HC corresponding to the first 3 PLS-DA components ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The explained variation in *X* (*R*^2^*X*) was 60.1%, while the explained variation in *Y* (*R*^2^*Y*) was 61.5%. A permutation test with a permutation number of 200 was also performed to test the overfitting status of the model ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}), which indicated the success of the model for differentiating SCZ from HC.

The VIP scores of the 47 FFAs are listed in [Table 1](#tbl1){ref-type="table"}. The top five VIP scores were C24:1(*cis*.15), C20:4(*cis*.5.8.11.14), C22:1(*cis*.13), C20:1(*cis*.11), and C16:1(*cis*.9), which all belong to the unsaturated FFA group.

Fatty acid metabolic pathway analysis based on the product/precursor ratio
--------------------------------------------------------------------------

To further explore the changes in FFAs in SCZ patients, we investigated the ratios of product to precursor that were transformed unidirectionally or bidirectionally. There were 18 pairs of transformations among the 47 FFAs we detected ([Figure 2](#fig2){ref-type="fig"}). The ratios of product to precursor in HC and SCZ were calculated. Analysis using the Mann-Whitney test followed by Benjamin--Hochberg adjustment indicated that the ratios of 14 pairs of FFAs differed significantly between the two groups ([Figure 2](#fig2){ref-type="fig"} and [Supplementary Table 3](#sup1){ref-type="supplementary-material"}). These results demonstrate that the regulation of FFA equilibrium differs between SCZ and HC.

Δ^9^-Desaturase catalyzes the one-way reaction from SFAs to MUFAs, including C14:0 to C14:1, C16:0 to C16:1 and C18:0 to C18:1, and these reactions were enhanced in SCZ according to our data ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). As an example, the correlation coefficient for C18:0 and C18:1 was 0.32 in HC and 0.69 in SCZ. The geometric average of the ratio of C18:1/C18:0 was 0.72 in HC and increased significantly to 0.99 in SCZ. Similar phenomena were observed for C14:0/C14:1 and C16:0/C16:1. These results are consistent with the general increase in the MUFAs we mentioned previously. Therefore, our data support an enhanced tendency of desaturation from SFAs to MUFAs as one of the characteristics of serum FFAs in schizophrenia patients.

With respect to carbon number, C16:0 and C22:1 (*cis*.13) accumulated among SFAs and MUFAs, respectively. Elongation from C12:0 to C14:0 and from C14:0 to C16:0 was enhanced. In addition, β-oxidation from C24:0 to C22:0, from C22:0 to C20:0 and from C18:0 to C16:0 was increased in SCZ. Both of these phenomena were reflected in the trend to produce more C16:0. Among MUFAs, the ratios of product to precursor indicated a tendency to accumulate C22:1 (*cis*.13) ([Figure 2](#fig2){ref-type="fig"} and [Supplementary Table 3](#sup1){ref-type="supplementary-material"}).

Absolute quantitation of 39 FFAs in serum from schizophrenia patients and healthy controls
------------------------------------------------------------------------------------------

We performed absolute quantitation of 39 FFAs using standard curves according to a method described previously.^[@bib11],\ [@bib12]^

The concentrations of the 39 FFAs are presented in μg/ml ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}). The most abundant classes of FFAs in SCZ were MUFAs, SFAs and ω-6 PUFAs, accounting for 98.6% of all quantitated FFAs ([Supplementary figure 3](#sup1){ref-type="supplementary-material"}). In HC, these three classes were also the most abundant, accounting for 97.7% of the total FFAs, whereas SFAs were greater than MUFAs and came first. With respect to individual fatty acids, the most highly concentrated FFAs were C18:1, C18:2(ω-6) and C16:0. The pattern of FFAs in human bodies presented in our research is consistent with the work of other groups but depends on the technology platform.^[@bib13]^

We computed the coefficients of variation (CVs) of the concentration data. Ninety-seven percent of FFAs (38/39) in SCZ and 95% (37/39) in HC in the discovery set had CV values of \<15%, while in the validation set, there were 87% FFAs with CV\<15% both in SCZ and HC group, indicating that the content of FFAs was relatively stable for all individuals with the same health status.

Discussion
==========

Schizophrenia, a mental disease that affects approximately 30 million people globally, has devastating consequences for patients and their families.^[@bib1]^ Accumulating evidence indicates that abnormal lipid metabolism is the main characteristic of schizophrenia and may contribute to its pathology.

Previous studies generally focused on ω-3 and ω-6 PUFAs in samples of patients with schizophrenia. In the present study, we were able to compare the concentrations of not only the ω-3 and ω-6 PUFA series but also MUFAs, SFAs, TFAs, BCFAs, and OCFAs in the serum of patients experiencing their first episodes or drug-free schizophrenia with those of matched control subjects. Moreover, we estimated the endogenous metabolic enzyme activities, as well as changes in metabolic progress.

Factors influencing alterations of the free fatty acid pattern in schizophrenia patients
----------------------------------------------------------------------------------------

### Changes in the lipid metabolic process

FFAs can be used for fat synthesis or as fuel through β-oxidation. Previous studies have provided converging evidence for an insufficient energy supply in schizophrenia patients and elevated lipolysis and β-oxidation as compensatory mechanisms.^[@bib3],\ [@bib8]^

We observed significant accumulation of 13 even-carbon FFAs, whereas only one even-carbon FFA decreased significantly ([Table 1](#tbl1){ref-type="table"}, [Figure 1](#fig1){ref-type="fig"}). The activities of lipid metabolic enzymes can be estimated using indices based on product to precursor fatty acid ratios.^[@bib13],\ [@bib14]^ Fasting plasma FFAs are closely correlated with adipose tissue.^[@bib9]^ The ratios of FFAs may reflect the desaturase activity in adipose tissue. By comparing the ratios of products to precursors between patients and controls, we determined that β-oxidation prevailed from C24:0 to C16:0 and from C24:1 to C22:1 ([Figure 2](#fig2){ref-type="fig"}, blue arrows indicate statistical significance). This result provides evidence in the level of free fatty acid of the hypothesis that lipid mobilization and β-oxidation are enhanced to provide more energy in schizophrenia patients.

The activities of the delta-9 and delta-5 desaturases were also estimated using the product to precursor fatty acid ratios. Delta-9 activity was estimated from the ratios of 16:1/16:0 and 18:1/18:0.^[@bib15],\ [@bib16]^ In the present study, delta-9 activity was significantly enhanced in SCZ compared with its activity in HC, with *P*-values of 1.2684E−07 and 0.0037 for 16:1/16:0 and 18:1/18:0, respectively ([Figure 2a](#fig2){ref-type="fig"}). Delta-5 desaturase activity is reflected by the 20:4/20:3 ratio.^[@bib13],\ [@bib15],\ [@bib17]^ The desaturation progress catalyzed by delta-5 (20:4/20:3(ω-6) and 20:5/20:4(ω-6)) did not differ appreciably between SCZ and HC in the present study ([Figures 2b and c](#fig2){ref-type="fig"}).

Since using metabolite ratios to estimate biochemical equilibrium status or metabolic enzyme activity is numerical and indirect, direct measurement of the characteristics of related enzymes participating in lipid metabolism in schizophrenia patients is highly encouraged in future studies.

### Higher levels of oxidative stress

The increased production of ROS and/or decreased occurrence of antioxidant protection indicates that oxidative stress is involved in the pathophysiology of schizophrenia.^[@bib18]^ Increased oxidative stress in schizophrenia patients has been observed in the central nervous system^[@bib3],\ [@bib18],\ [@bib19]^ and peripheral blood.^[@bib20],\ [@bib21]^ Many factors can cause an imbalance of ROS and antioxidants.

Enhanced β-oxidation can increase ROS and oxidative stress significantly.^[@bib14]^ As mentioned above, our findings suggest increased lipid mobilization and β-oxidation. The elevated levels of FFAs may be a factor causing oxidative stress.

PUFAs, the main material of membranes, are vulnerable to damage by free radicals due to their double-bond structure. This process is called lipid peroxidation and damages cell membrane fluidity and permeability, signal transduction and mitochondrial function.^[@bib22],\ [@bib23]^

Membrane PUFAs are significantly decreased in both the central nervous system and RBCs of patients with schizophrenia.^[@bib24],\ [@bib25]^ There may be some links between plasma or serum FFA abnormalities and changes in membrane fatty acids in schizophrenia patients. Therefore, we hypothesize that in schizophrenia patients, the brain energy supply is insufficient for certain reasons, such as mitochondrial dysfunction. Hence, body lipids and fatty acids are mobilized to compensate for the brain energy shortage, resulting in elevated serum FFAs. Lipid peroxidation damages the membrane lipids, releasing free PUFAs into the plasma and further elevating plasma free PUFA levels. Simultaneously, enhanced β-oxidation during the process of energy production of fatty acids increases ROS in the body, aggravating the oxidative stress in schizophrenia patients.^[@bib14]^ Consequently, more free FFAs, such as PUFAs, are derived from the lipid peroxidation progress, further increasing the FFA levels in the blood of patients ([Figure 3](#fig3){ref-type="fig"}). Further research is needed to verify this hypothesis.

Adverse FFA patterns for health
-------------------------------

Schizophrenia is a complex multi-pathogenic disease closely related to metabolic disorders. The morbidities of metabolic syndrome, obesity, type II diabetes and cardiovascular disease are higher in subjects with schizophrenia than in healthy controls.^[@bib26]^ Although no metabolic disorders were observed in either SCZ or HC in our samples, the FFA pattern suggests a high risk of metabolic disorders in SCZ.

Cardiovascular disease is the main cause of increased mortality in patients with schizophrenia.^[@bib27],\ [@bib28]^ ω-3 and ω-6 PUFAs share the same desaturases and elongases. Many studies have indicated that ω-3 PUFAs play an important role in the nervous and cardiovascular systems.^[@bib29],\ [@bib30]^ The ratio of ω-6/ω-3 PUFAs can be used as a health balance index, and the lower ratio the better, especially for cardiovascular disease.^[@bib31]^

It is noteworthy that the ω-3 PUFAs in the present study were less elevated (geometric mean of the FCs=1.16) than the ω-6 PUFAs (geometric mean of the FCs=1.46) in the discovery set. The geometric means of the FCs in the validation set were 1.34 and 1.51, respectively. The higher ratio of ω-6/ω-3 in the schizophrenia group can be deduced from the results, which indicates the higher risk of cardiovascular disease.

The link between schizophrenia and diabetes has been known for over a century.^[@bib32]^ The prevalence of diabetes in schizophrenia patients ranges from 10 to 15%, 2- to 3-fold higher than in the general population.^[@bib33]^ Antipsychotics increase metabolic risks, but antipsychotic-naïve patients also have a higher risk of developing diabetes. Impaired glucose tolerance, hyperglycemia, and insulin resistance has been reported in first-episode drug-free schizophrenia patients.^[@bib34],\ [@bib35],\ [@bib36],\ [@bib37],\ [@bib38]^ Although several factors including genetic susceptibility, unhealthy lifestyles and neuroendocrine dysregulation are involved in the association between schizophrenia and diabetes, the etiology of the high comorbidity rate remains obscure.^[@bib32]^ Numerous studies have reported that high plasma (or serum) FFAs are involved in the etiology of type II diabetes mellitus. Elevated plasma FFAs in humans result in reduced insulin sensitivity throughout the entire body, increased insulin secretion and β-cell compensation.^[@bib39]^ Glucose transport (GLUT-4) is inhibited by elevated plasma FFAs, and this inhibition is followed by a reduction in the rate of glucose oxidation.^[@bib40],\ [@bib41]^ Among major human FFA, palmitic acid (C16:0) is particularly notable as a major culprit of type II diabetes.^[@bib42],\ [@bib43],\ [@bib44],\ [@bib45]^ Palmitate inhibits the insulin-stimulated phosphorylation of key insulin signaling molecules and facilitates their ubiquitination.^[@bib46]^

We observed that 13 even-carbon FFAs were increased in SCZ, including palmitic acid (C16:0). In SCZ serum, the concentrations of C16:0 were much higher, 276.41 μg/ml and 266.24 μg/ml in the discovery and validation sets, respectively, than in HC serum, which exhibited values of 117.80 μg/ml and 115.48 μg/ml, respectively ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}). The considerable difference in C16:0 between SCZ and HC may indicate a high risk of type II diabetes in the SCZ group.

Obesity is closely correlated with diabetes. High levels of FFAs are a characteristic of obesity.^[@bib47]^ A significant and positive correlation between delta-9 desaturase and markers of obesity has been reported.^[@bib15]^ The estimated elevated delta-9 desaturase activity implies that schizophrenia patients are more likely to be obese.

Thus, a vicious cycle appears to occur: energy metabolic dysfunction in schizophrenia patients and oxidative stress cause elevated FFAs, which in turn, induce high risks of cardiovascular disease, diabetes and other metabolic diseases. Drugs that can alleviate the vicious FFA pattern in schizophrenia patients would be beneficial and could be used as auxiliary treatment for schizophrenia.

TFCs, BCFAs and OCFAs in serum
------------------------------

Trans-fatty acids and BCFAs cannot be synthesized in humans and are obtained from food. We did not observe differences in TFAs or BCFAs between SCZ and HC, implying that there is no considerable difference in diet between the two groups.

Twelve odd-numbered carbon fatty acids were detected in this study, and two of them, C17:1 and C19:1, were significantly increased in patients. Odd-numbered carbon fatty acids have received little attention due to their indigestibility in humans and technique limitations.

Odd-numbered carbon fatty acids usually exist in bacteria, fungi, poriferans, plants and animals, with various types in different species. Bacteria usually contain odd-numbered fatty acids in general, most often C15, C17 or C19.^[@bib48]^ Many recent studies have suggested that microorganisms in the human body can affect the mental state. The relationship between gut microbiota and brain disease is attracting increasing attention.^[@bib49],\ [@bib50]^ The differences in the odd-numbered carbon FFA contents in serum observed in this study may imply the disturbance of gut microbiota in schizophrenia patients. To further investigate the potential association, research at the genome and metabolome levels is needed.

Strengths and limitations
-------------------------

In this study, we tried to mediate medication effects on our results by recruiting first-onset drug-naïve patients and patients without any antipsychotic drugs for at least 1 month. UPLC-QTOF-MS platform was employed to achieve a comprehensive scan of serum free fatty acids of our samples. As many as 47 fatty acids were relatively quantified and 39 were absolutely quantified. This quantitative scale is impressive and provides considerable information on FFA profiles. Alterations of FFA levels in schizophrenia reflect the abnormalities of energy metabolism in patients. Analysis of FFA patterns and products-precursors ratios helped to draw our attention to the lipolysis, β-oxidation and desaturation process, and guide our follow-up researches on other molecular levels, such as related proteins or genes.

This study also has limitations. Generally speaking, there are two sources of free fatty acids in human body: dietary intake and lipolysis from triglyceride. Since no survey has been conducted on detailed eating habits of participants, we can't remove possible confounding effects of food intake when interpreting our results. However, whether schizophrenia patients have dietary bias remains controversial. A series of literature on schizophrenic eating habits describes that patients have preference in unhealthy diet.^[@bib51],\ [@bib52],\ [@bib53]^ Another work discovers that individuals with schizophrenia and healthy controls seem to apply preference ratings to food in a similar manner.^[@bib54]^ In addition, we have tried to mediate the impact of eating habit on our results in the following ways: (1) The residence of our participants were limited to Wuhu, Anhui to minimize regional differences in diet structure. (2) BMIs were matched between schizophrenia patients and healthy controls, and none of the participants had metabolic disorders. (3) Fasting blood was collected to avoid the disturbance of short-term food intake. Another limitation in this study is that we estimated biochemical equilibrium status or metabolic enzyme activity by using indices based on product to precursor fatty acid ratios. Direct measurement of the characteristics of related enzymes especially in lipolysis, desaturation and β-oxidation progress is necessary in the future.

Metabonomics reflects a resultant status of the body from a combined influence of genes and environment. Different genetic background in other populations may modify individual metabonomics and there is no systematic study of free fatty acids in other population till now. Thus, genetic factors should be considered when exploring such signatures in other population.

We used UPLC-QTOF-MS to characterize the serum fatty acid pattern in schizophrenia patients. Forty-seven FFAs were detected and relatively quantitatively analyzed, and 39 of these FFAs were absolutely quantitated by establishing standard curves. Sixteen of the 47 detected FFAs were significantly different in patients with schizophrenia and healthy controls. With the exception of the very long-chain fatty acid C24:0, these significantly different FFAs were all increased in schizophrenia serum. Desaturation from SFAs to MUFAs and β-oxidation, particularly in the endoplasmic reticulum, were enhanced, as estimated by the ratios of products to precursors. These results suggest upregulated lipolysis and β-oxidation in SCZ, presumably resulting from insufficient brain energy supply. Drugs that can alleviate the vicious FFA pattern in schizophrenia patients would be beneficial and could be used as auxiliary treatment for schizophrenia.
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![(**a**) Fold changes (FCs) of the 26 free fatty acids (FFAs) of most concern grouped by saturation. The horizontal lines present the geometric mean of each group. (**b**) FCs of the 26 FFAs of most concern grouped by carbon number. The horizontal lines present the geometric mean of each group. (**c**) Volcano plot of the 26 FFAs of most concern colored by saturation. (**d**) Volcano plot of the 26 FFAs of most concern colored by carbon number.](tp2017152f1){#fig1}

![Fatty acid (FA) elongation pathways differ between schizophrenia patients (SCZ) and healthy controls (HC). The FA elongation pathways of SFAs, MUFAs, n-3 PUFAs and n-6 PUFAs are illustrated. The histograms present the relative concentration of each free fatty acid (FFA) in HC (left) and SCZ (right, normalized by HC). Red histograms indicate increases in SCZ, whereas blue indicates decreases. The figure above the histogram is the fold change (FC), and asterisks indicate significance. The red arrows indicate a significant increase in the ratio of product: substrate, which was deduced to be enhanced in this direction. The blue arrows are the opposite and indicate ratios that were deduced to be weakened. The gray arrows indicate no statistical significance. a) The FA elongation pathways of SFAs and MUFAs. b) The FA elongation pathways of ω-6 PUFAs. c) The FA elongation pathways of ω-3 PUFAs.](tp2017152f2){#fig2}

![The systemic alterations resulting in the changes in free fatty acids (FFA) patterns in schizophrenia patients. Insufficient energy supply in the brains of schizophrenia patients causes excess lipolysis and β-oxidation, accompanied by FFA and ROS accumulation. Additional oxidative stress caused by active β-oxidation and other factors results in lipid peroxidation, causing loss of polyunsaturated fatty acids (PUFAs) from the lipid membrane. The increased FFAs increase the risk of metabolic diseases such as cardiovascular diseases and type II diabetes in schizophrenia patients.](tp2017152f3){#fig3}

###### Forty-seven FFAs detected by UPLC-QTOF-MS and analyzed by PLS-DA and the Mann−Whitney *U*-test

  *FFA*                          *Retention time (RT)*   *VIP*[a](#t1-fn2){ref-type="fn"}   P*-value*[b](#t1-fn3){ref-type="fn"}   *FC*[c](#t1-fn4){ref-type="fn"}
  ------------------------------ ----------------------- ---------------------------------- -------------------------------------- ---------------------------------
  *SFAs*                                                                                                                           
   C8.0                          0.98                    0.54                               0.9406                                 1.03
   C12.0                         2.52                    **1.05**                           0.1853                                 −1.18
   C14.0                         4.52                    0.83                               0.0795                                 1.14
   C16.0                         7.31                    0.92                               **0.008**                              1.49
   C18.0                         10.92                   0.98                               0.173                                  1.15
   C20.0                         13.7                    **1.24**                           0.4199                                 1.1
   C22.0                         15.36                   0.83                               0.6836                                 −1.14
   C24.0                         16.52                   **1.02**                           **0.0181**                             −1.22
                                                                                                                                    
  *MUFAs*                                                                                                                          
   C12.1.*cis*.11                1.73                    0.8                                0.5958                                 1.25
   C14.1.*cis*.9                 2.84                    **1.14**                           **0.0034**                             **2.25**
   C16.1.*cis*.9                 4.88                    **1.32**                           **9.23E−06**                           **2.67**
   C18.1.*cis*.9                 7.68                    0.97                               **0.001**                              **1.67**
   C20.1.*cis*.11                11.12                   **1.33**                           **7.97E−08**                           **3.18**
   C22.1.*cis*.13                13.7                    **1.5**                            **7.97E−08**                           **3.7**
   C24.1.*cis*.15                15.27                   **1.77**                           **2.05E−08**                           **1.88**
                                                                                                                                    
  *ω-6 PUFAs*                                                                                                                      
   C18.2.*cis*.9.12              5.49                    0.59                               0.2364                                 1.34
   C20.2.*cis*.11.14             8.27                    0.95                               **0.007**                              **1.61**
   C20.3.*cis*.8.11.14           6.25                    0.92                               **0.0131**                             1.34
   C20.4.*cis*.5.8.11.14         5.07                    **1.53**                           **0.0038**                             1.4
   C22.2.*cis*.13.16             11.67                   **1.1**                            **0.0046**                             **2.11**
   C22.4.*cis*.7.10.13.16        7.15                    0.92                               **0.0351**                             1.47
   C22.5.*cis*.4.7.10.13.16      6.13                    **1.12**                           0.6627                                 1.14
                                                                                                                                    
  *ω-3 PUFAs*                                                                                                                      
   C20.5.*cis*.5.8.11.14.17      3.67                    0.84                               0.6709                                 1.15
   C22.3.*cis*.13.16.19          9.29                    0.9                                1                                      −1.01
   C22.5.*cis*.7.10.13.16.19     5.41                    **1.02**                           **0.0204**                             **1.5**
   C22.6.*cis*.4.7.10.13.16.19   4.57                    **1.09**                           0.9856                                 1.06
                                                                                                                                    
  *TFAs*                                                                                                                           
   C14.1.trans.9                 3.13                    **1.18**                           0.4026                                 1.34
   C16.1.trans.9                 5.22                    0.4                                0.9511                                 1.21
   C18.2.trans.9.12              6.19                    0.87                               0.4199                                 1.09
                                                                                                                                    
  *BCFAs*                                                                                                                          
   C14.0.iso                     4.23                    **1.19**                           0.4026                                 −1.1
   C16.0.iso                     6.9                     0.88                               0.9511                                 −1.05
   C18.0.iso                     10.42                   0.77                               0.571                                  1.09
                                                                                                                                    
  *OCFAs*                                                                                                                          
   C15.0.iso                     5.38                    0.62                               0.975                                  **−1.54**
   C15.0                         5.82                    0.67                               0.9018                                 **−1.89**
   C17.1.*cis*.10                6.19                    0.96                               **0.0012**                             **1.86**
   C17.0.iso                     9.04                    0.78                               0.8718                                 1.02
   C17.0                         8.41                    **1.08**                           0.1955                                 1.11
   C19.2.*cis*.10.13             6.83                    0.79                               0.1062                                 1.22
   C19.1.*cis*.10                9.36                    0.8                                **0.0087**                             **2.65**
   C19.0                         12.52                   0.98                               0.4199                                 1.07
   C21.1.*cis*.12                12.6                    **1**                              0.3891                                 1.12
   C21.0                         14.62                   0.54                               0.975                                  −1.14
   C23.1.*cis*.14                14.24                   0.29                               0.8586                                 1.02
   C23.0                         15.96                   **1.19**                           0.2436                                 −1.18
                                                                                                                                    
  *Others*                                                                                                                         
   C18.2.CLA                     5.8                     **1.08**                           0.9406                                 **1.54**
   C16.1.unknown                 5.02                    0.7                                0.2106                                 **1.6**
   C18.3.unknown                 4.15                    **1.12**                           0.9406                                 1.14

Abbreviations: FFA, free fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acid.

Variable importance in the projection (VIP) was obtained from PLS-DA. The black bold values indicate VIP\>1.

*P*-values are calculated from the nonparametric Mann−Whitney *U*-test. The black bold values indicate *P*\<0.05

Fold changes (FCs) were calculated from the intra-group means of FFAs, with a positive value indicating a relatively higher concentration in SCZ and a negative value indicating a relatively lower concentration compared to concentration in the healthy controls. The black bold numbers indicate that the absolute value of the FC is \>1.5.

[^1]: These authors contributed equally to this work.
